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ABSTRACT 
PIN photodiodes were bombarded w i t h  40- and 85-MeV p ro tons  t o  a  f l u -  
ence o f  1.5 x 1011 p/cm2, and t h e  r e s u l t i n g  change i n  s p e c t r a l  response i n  
t h e  near i n f r a r e d  was determined. The pho tocur ren t ,  dark  c u r r e n t  and p u l s e  
amp1 i t u d e  were measured as a  f u n c t i o n  o f  p r o t o n  f l  uence. Changes i n  these  
t h r e e  measured p r o p e r t i e s  are  d iscussed i n  terms o f  changes i n  t h e  d i o d e ' s  
s p e c t r a l  response, m i n o r i t y  c a r r i e r  d i f f u s i o n  l e n g t h  and d e p l e t i o n  w id th .  A 
s imp le  model o f  induced r a d i a t i o n  e f f e c t s  i s  presented which i s  i n  good 
agreement w i t h  t h e  exper imenta l  r e s u l t s .  The model assumes t h a t  i n c i d e n t  
p r o t o n s  produce charged d e f e c t s  w i t h i n  t h e  d e p l e t i o n  r e g i o n  s i m u l a t i n g  donor 
t y p e  i m p u r i t i e s .  
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INTRODUCTION 
S i  1  i c o n  PIN photodiodes are  f r e q u e n t l y  used i n  sate1 1  i t e  astronomy f o r  
d e t e c t i n g  r a d i a t i o n  i n  t h e  v i s i b l e  and near i n f r a r e d  p o r t i o n s  o f  t h e  e l e c -  
t romagnet i c  spectrum. A1 though n o t  as s e n s i t i v e  as photomul t i p 1  i e r  tubes,  
t h e s e  d iodes are  r e l a t i v e l y  cheap, low-power, compact dev i ces  w i t h  a  wide 
s p e c t r a l  response. PIN photodiodes a re  o f t e n  used as d e t e c t o r s  i n  an o p t i -  
c a l  d a t a  1  i n k .  It i s  d e s i r a b l e  t o  know t h e  response o f  t hese  photod iodes t o  
t h e  space r a d i a t i o n  environment R a d i a t i o n  induced e f f e c t s  i n  PIN photo-  
d iodes  have been i n v e s t i g a t e d  u s i n g  gammas (Ref 1) and neut rons (Ref  2 ) .  
Because some o r b i t s ,  such as those  proposed f o r  t h e  NASA Space Telescope, 
s u b j e c t  t h e  o b s e r v a t o r y  t o  bombardment b y  pro tons,  i t  i s  o f  i n t e r e s t  t o  i n -  
v e s t i g a t e  t h e  v u l n e r a b i l i t y  o f  PIN photodiodes t o  p ro tons .  
It i s  u s e f u l  t o  n o t e  t h a t  PIN photodiodes a re  s i m i l a r  t o  s o l a r  c e l l s  i n  
t h a t  b o t h  a re  p-n j u n c t i o n  dev ices  which d i f f e r  i n  t h e i r  mode o f  o p e r a t i o n  
and j u n c t i o n  c h a r a c t e r i s t i c s .  A  s u b s t a n t i a l  amount o f  work e x i s t s  on t h e  
e f f e c t s  o f  e l e c t r o n s  and gamma r a d i a t i o n  on s i l i c o n  s o l a r  c e l l s  (Re fs  3,4,5)  
w i t h  t h e  emphasis be ing  on t h e  r e d u c t i o n  o f  t h e i r  o u t p u t  power. On t h e  
o t h e r  hand, t h e  work r e p o r t e d  he re  i s  concerned w i t h  i r r a d i a t i o n - i n d u c e d  
d e g r a d a t i o n  i n  s p e c t r a l  response o f  PIN d iodes.  A  b a s i c  d i f f e r e n c e  between 
s o l a r  c e l l s  and PIN d iodes i s  t h e  magni tude o f  t h e i r  d e p l e t i o n  w id ths .  I n  
s o l a r  c e l l s  a  t y p i c a l  d e p l e t i o n  w i d t h  i s  1 um whereas i n  PIN photod iodes 
t h e  d e p l e t i o n  w i d t h  i s  much l a r g e r ,  v a r y i n g  f r o m  10 t o  200 urn depending 
upon t h e  r e s i s t i v i t y  o f  t h e  i n t r i n s i c  r e g i o n  and t h e  o p e r a t i n g  b i a s  v o l t a g e .  
I n  t h i s  r e s p e c t  PIN Photodiodes are  s i m i l a r  t o  s u r f a c e  b a r r i e r  d e t e c t o r s .  
Hence, t h e  i r r a d i  a t  i o n - i  nduced damaged models (Ref 6 )  developed f o r  s o l  at- 
c e l l s  a re  n o t  d i r e c t l y  a p p l i c a b l e  t o  PIN photodiodes and models f o r  s u r f a c e  
b a r r i e r  d e t e c t o r s  have n o t  been adequate ly  eva lua ted  i n  terms o f  t h e i r  s u i t -  

a b i l i t y  f o r  P I N  photodiodes. Th is  paper presents  r e s u l t s  of spec t ra l  r e -  
sponse degradat ion i n  t h e  near i n f r a r e d  produced by 4 0 -  and 85-MeV pro ton  
bombardment toge ther  w i t h  a  s imple model t h a t  accounts f o r  t h e  induced chan- 
ges i n  t h e  spec t ra l  response, increase i n  dark cu r ren t ,  and changes i n  t h e  
pu l  se amp1 i tude created by  charged p a r t i c l e s  . 
EXPERIMENTAL PROCEDURE 
The P I N  photodiodes s tud ied  i n  t h i s  work are s t a t e  o f  t h e  a r t  devices 
c o n s i s t i n g  o f  a  p-n j u n c t i o n  w i t h  a  doping p r o f i l e  t a i l o r e d  t o  produce an 
i n t r i n s i c  layer ,  "i regionN,  between a  p  l a y e r  and an n  l aye r .  We i n v e s t i -  
gated s i x  P I N - 6 D  (Un i ted  Detector Technology) diodes. These diodes have a  
r e s i s t i v i t y  o f  4 0 0  a-cm, an a n t i r e f l e c t i o n  coa t ing  which maximizes t h e  r e -  
sponse a t  8 5 0  nm and an a c t i v e  area o f  0.2 crr?. These devices were f a b r i -  
ca ted  us ing  t h e  p lanar  d i f f us i on  o f  p  and n  reg ions  i n t o  a  h e a v i l y  doped 
( l e s s  than 1 a-cm) semiconductor subs t ra te .  
The e f f e c t  o f  p ro ton  bombardment on these photodiodes was s tud ied  by  
examining t h e  changes i n  spec t ra l  response, dark cu r ren t ,  and pu lse he igh t .  
The spec t ra l  response o f  t he  photodiodes was determined p r i o r  t o  and a f t e r  
i r r a d i a t  i o n  by measuring t h e  photocurrent  as a f u n c t i o n  o f  wavelength f rom 
5 0 0  t o  1100 nm. Monochromatic l i g h t  was obta ined f rom a  tungsten halogen 
lamp d ispersed by  a  g r a t i n g  monochromator whose bandwidth was approx imate ly  
8 nm a t  these wavelengths. To minimize t h e  e f f e c t  o f  f l u c t u a t i o n s  i n  t h e  
l i g h t  source and e l ec t r on i cs ,  t h e  s i gna l  f rom t h e  t e s t  d iode was always com- 
pared a t  t h e  t ime o f  measurement t o  t h a t  f rom a  s i m i l a r  u n i r r a d i a t e d  
re fe rence  diode. Th is  was accomplished by  coup l ing  a  double-beam attachment 
t o  t h e  ou tpu t  s l i t s  o f  t h e  monochromator, one channel be ing dedicated t o  t h e  
t e s t  d iode and t h e  o ther  channel t o  a  s i m i l a r  u n i r r a d i a t e d  re fe rence  diode. 
F igure  1 i 1 l u s t r a t e s  t h i s  exper imental  arrangement. The movable m i r r o r  i n  

the double-beam attachment reflected the monochromatic 1 ight t o  either the 
sample or reference diode. The incident wavelength and the photocurrents of 
the t e s t  and reference diodes were fed to  a computer. Repeated measurements 
of a diode's spectral response showed that the ra t io  of sample t o  reference 
photocurrents was reproducible t o  within 2 percent. Because the time be- 
tween completion of proton irradiation and the spectra1 response measure- 
ments was typically about ten minutes, t h i s  experiment investigated re1 a- 
t ively long term effects associated with cumulative dose rather than short 
term transient characteristics. The effect of irradiation on the spectral 
response at  wavelength X after bombardment with a proton fluence Q i s  
expressed in terms of the degradation parameter D ( X , + )  defined by 
where I(X , o )  and I(X ,+) are the photocurrents before and after irradia- 
t ion and I D  and ID  are the corresponding dark currents. The photocur- 
0 
rents used in equation (1) are normalized values in t h a t ,  as discussed 
above, they represent ratios of tes t  diode t o  reference diode values. I t  
should be noted that the parameter D ( X , @ )  = 1 corresponds t o  zero degrada- 
t ion and that D becomes smaller as the degradation increases. 
The current measured in the biasing circui t  includes a dark current 
whose magnitude i s  related t o  the bulk properties ( res i s t iv i ty ,  minority 
carr ier  diffusion length, e tc . )  of the photodiode. Changes in these proper- 
t i e s  induced by irradiation were monitored by repeated dark current measure- 
ment. The dark current of the photodiode was measured with the configura- 

t ion  shown in Figure 1 by blocking the  l i g h t  a t  t he  entrance s l i t s  of the  
monochromator. The dark current  measurement had an uncertainty of about 3 
percent.  
Changes in the  depletion width of the photodiode were studied by re-  
cording the  pulse height of the  voltage generated by the  accumulated 
charge created by ionizing protons passing through the  device. These pulse 
height spect ra  were obtained by reducing the  fluence r a t e  used in the  degra- 
dat ion exposures ( t y p i c a l l y  about lo9 p/cm2-sec) t o  about 1.5 x lo4  p/cm2- 
sec.  A schematic of the  pulse height arrangement i s  shown in Figure 2. 
This detect ion system was ca l ibra ted  by in jec t ing  a  known charge i n t o  a  
ca l ibra ted  load capaci tor ,  thereby re l a t ing  the  voltage from the  multichan- 
nel analyzer t o  the  charge created by the  ionizing i r r ad ia t ion .  We est imate 
a  5  percent uncertainty in the  depletion widths inferred from the  pulse 
height spectra .  
The proton i r r ad ia t ions  were performed with the  isochronous cyclotron 
a t  t he  University in Mary1 and. Because of the configuration of the  cyclo- 
t ron  t a r g e t  f a c i l i t y ,  i t  was convenient t o  mount the  photodiodes on a  sample 
ladder in a  chamber which was an in tegra l  part  of the beam t ranspor t  system. 
Since the  ladder was remotely control led,  the  diodes could be moved i n t o  or  
out  of the  beam without a l t e r ing  t h e  beam charac te r i s t i c s .  The proton f l u -  
ences were measured by a  current  monitor and the  spa t i a l  d i s t r ibu t ion  of the  
beam was estimated using f i lm.  A t  t he  energies used (40 and 85 MeV), the  
beam was r e l a t i v e l y  s t ab le  in i n t e n s i t y  and beam pro f i l e .  We est imate t h a t  
our f l  uence measurements had an uncertainty of about 15 percent absolute 
with a  somewhat smal l e r  re1 a t ive  uncertainty among the  i r r ad ia t ed  samples. 
Successive exposures, sometimes a t  d i f f e ren t  f  1 uence r a t e s ,  were performed 
t o  accumul a t e  dose. 

EXPERIMENTAL RESULTS 
The spectral  response of each diode was measured before and a f t e r  each 
i r r ad ia t ion .  In view of the f a c t  tha t  we express the  spectral  response in 
terms of the r a t i o  of the photocurrents of the  tes ted  and reference diodes, 
i t  i s  useful t o  keep the absolute ef f ic iency in mind. Figure 3 shows a  
typica l  quantum eff ic iency measured prior  t o  i r radia t ion  This curve was 
obtained by using a  cal ibrated United Detector Technology photodiode t o  
determine the photon f lux impinging on the  diode. An auxi l ia ry  check on the  
ef f ic iency was made using an NBS cal ibrated tungsten ribbon source. Changes 
in  the  quantum eff ic iency produced by i r radia t ion  with 40-MeV protons are 
shown in Figure 4  in which the degradation D(A,+) i s  plotted against 
wavelength from 700 t o  1050 nm fo r  several fluences. These data were 
collected a t  a  bias voltage of 5 V .  We note tha t  fo r  a  given fluence the  
degradation becomes more pronounced as the  wavelength increases and t h a t ,  as 
expected, the ef f ic iency decreases with i r radi  at ion dose. In a  subsequent 
sect ion we present a  model which accounts fo r  the  observed dependence of the 
degradation on wavelength and fluence. 
An increase in dark current with fluence was observed fo r  a l l  diodes. 
Figure 5  shows the  measured dark current fo r  a  representat ive diode as a  
function of bias voltage a t  various fluences. Prior t o  i r r ad ia t ion  the  dark 
current  var ies  l inea r ly  with the  bias voltage a t  a  r a t e  of 0.024 u A / V .  As 
the  fluence increases the  dark current becomes larger  b u t  s t i l l  var ies  
l i n e a r l y  with bias voltage. However, the  r a t e  of increase i s  la rger ;  f o r  
example, a t  0.4 x l o 1 0  p/cm2 the slope i s  0  64 v A / V .  We observed t h i s  l in -  
ear  dependence up  t o  1 0  x 1 0 ~ ~  p/cm2. A t  a  fluence of 10.0 x 1010p/cm2, 
the  dark current had continued t o  increase b u t  no longer varied l inea r ly  
with bias voltage. As will  be discussed l a t e r ,  we a t t r i b u t e  t h i s  increase 

of dark current with fluence t o  a  decrease in minority c a r r i e r  length. 
The depletion width was determined from pulse height spectra col lected 
while bombarding the photodiode a t  a  s u f f i c i e n t l y  low proton fluence r a t e  
t h a t  negligible damage occurred during the measurement. As we will discuss 
in  the  next sect ion,  the  depletion width i s  proportional t o  the pulse 
height.  Figure 6 shows the pulse height spectra fo r  a  typical  diode taken 
a t  10 V bias  a f t e r  various fluences. Note tha t  the  number of counts i s  
plot ted as a  function of the depletion width inferred from the observed 
pulse height.  The observed change in position of the peak with increasing 
f  luence indicates a  decrease in depletion width of the  diode. 
DISCUSSION OF RESULTS 
General 
The current produced in PIN photodiodes consists  of two components: the  
d r i f t  current created within the depletion width and the  diffusion current 
produced by charge created in the bulk subs t ra te  diffusing in to  the  reverse 
biased junction. Under steady s t a t e  conditions the current i s  given by the  
sum of these.  Assuming tha t  the current due t o  thermal generation of charge 
i s  negligible,  the  t o t a l  current a t  a  constant bias voltage i s  given by 
(Ref 7)  where q i s  the electron charge, @ i s  the  absorbed photon f lux 
r a t e ,  a i s  the wavelength dependent absorption coeff ic ient ,  W i s  the  
depletion width (which, as we have seen, depends on the  proton fluence $I), 
L i s  t h e  m i n o r i t y  c a r r i e r  diffusion length, D~ i s  the  diffusion coeff i -  

c i e n t  o f  h o l e s  i n  t h e  n  t y p e  bu lk ,  and pno i s  t h e  thermal  e q u i l i b r i u m  
c o n c e n t r a t i o n  o f  h o l e s  i n  t h e  n  t y p e  s i l i c o n .  Since t h e  second t e r m  i s  
i n d e p e n d e n t  o f  t h e  photon f l u x ,  i t  i s  e s s e n t i a l l y  t h e  dark  c u r r e n t  ID of 
t h e  dev ice.  Making t h i s  s u b s t i t u t i o n  and us ing  equa t ions  ( 1 )  and ( 2 ) ,  we 
can w r i t e  t h e  degrada t ion  as 
T h i  s  equa t ion  imp1 i e s  t h a t  t h e  s p e c t r a l  degrada t ion  i s  assoc ia ted w i t h  
changes i n  t h e  d e p l e t i o n  w i d t h  and/or d i f f u s i o n  l e n g t h .  
De te rm ina t ion  o f  Dep le t i on  Width 
I n  a  semiconductor d e t e c t o r  t h e  energy l o s t  b y  i o n i z i n g  r a d i a t i o n  r e -  
s u l  t s  i n  t h e  c r e a t i o n  o f  e l e c t r o n - h o l e  p a i r s  (EHP's) w i t h i n  t h e  d e p l e t i o n  
w id th ;  these  a re  c o l l e c t e d  a t  t h e  j u n c t i o n .  I d e a l l y ,  t h e  number o f  EHP's 
c o l l e c t e d  b y  t h e  d e t e c t o r  i s  p r o p o r t i o n a l  t o  t h e  energy l o s t  by  i o n i z i n g  
r a d i a t i o n  i n  t h e  d e p l e t i o n  r e g i o n .  It i s  t r u e ,  o f  course, t h a t  a  major  po r -  
t i o n  o f  a  P I N  d i o d e ' s  w i d t h  (about  300 pm) c o n s i s t s  o f  b u l k  m a t e r i a l  which 
i s  pene t ra ted  by ion iz ing  r a d i a t i o n  c r e a t i n g  E H P ' s  i n  i t  path .  However, 
s i n c e  t h e r e  i s  no e l e c t r i c  f i e l d  t o  c o l l e c t  t h e  charges i n  t h i s  reg ion ,  t h e y  
d i f f u s e  t o  t h e  e l e c t r o d e s  a t  a  s low r a t e .  Thus, we were ab le  t o  use a  f a s t  
charge s e n s i t i v e  p r e a m p l i f i e r  w i t h  a  r i s e  t i m e  o f  about 10 ns t o  accumu- 
1  a t e  charge c rea ted  i n  t h e  d e p l e t i o n  w i d t h  o n l y .  
The charge p u l s e  c r e a t e d  by  t h e  i o n i z i n g  p a r t i c l e  i s  g i v e n  b y  
where q i s  t h e  charge of t h e  e l e c t r o n ,  A E  i s  t h e  energy depos i ted  b y  a  

s i n g l e  i o n i z i n g  p a r t i c l e  i n  t h e  d e p l e t i o n  reg ion ,  and E i s  t h e  average 
energy (3.62 eV f o r  s i l i c o n )  r e q u i r e d  t o  c r e a t e  an EHP. The energy l o s t  i n  
t h e  d e p l e t i o n  r e g i o n  i s  g i v e n  b y  A E  = W (dE/dx) where dE/dx i s  t h e  s top-  
p i n g  power f o r  p ro tons  i n  s i l i c o n  a t  t h e  a p p r o p r i a t e  energy.  S u b s t i t u t i n g  
f o r  AE i n  equa t ion  (4)  and rea r rang ing ,  we o b t a i n  
Thus, t h e  p u l s e  h e i g h t  o f  t h e  s i g n a l  produced by  a  s i n g l e  i n c i d e n t  p r o t o n  
p r o v i d e s  a  d i r e c t  measurement o f  t h e  d e p l e t i o n  w id th .  The d e p l e t i o n  w i d t h  
measured b y  us b e f o r e  any apprec iab le  r a d i a t i o n  dose was accumulated agreed 
w i t h  t h e  r e s u l t s  o f  D e a r n a l e y  and Nor throp (Ref 8)  i n  t h a t  Wo v a r i e d  as 
t h e  square r o o t  o f  t h e  a p p l i e d  b i a s .  Our r e s u l t s  f o r  a  t y p i c a l  d iode  a re  
shown i n  F i g u r e  7. We n o t e  t h a t  Wo i nc reases  a t  t h e  r a t e  o f  6.75 um/V. 
T h i s  l i n e a r  dependence was found f o r  a l l  s i x  d iodes used i n  our  work; t h e  
measured va lues  o f  W v a r i e d  b y  l e s s  than  5  pe rcen t  among t h e  d iodes.  We 
0 
a l s o  f o u n d  t h a t  t h e  va lue  o f  Wo d i d  n o t  depend on whether we used 40- o r  
85-MeV p ro tons  t o  produce t h e  charge pu lse .  T h i s  i s  c o n s i s t e n t  w i t h  equa- 
t i o n  (4)  i n  t h a t  t h e  s i g n i f i c a n t  parameter i s  t h e  energy depos i ted  b y  t h e  
i n c i d e n t  p a r t i c l e .  The measured va lue  o f  Wo a t  5  v o l t s  was 27 urn which i s  
about 20 pe rcen t  h i g h e r  than  t h e  t h e o r e t i c a l  va lue  p r e d i c t e d  f o r  t h e  400 Q -  
crn m a t e r i  a1 (Ref 7 ) .  
De te rm ina t ion  o f  C a r r i e r  D i f f u s i o n  Length 
We d e t e r m i n e d  Lo b y  measuring t h e  photon response o f  t h e  photod iode 
and f i t t i n g  t h e  r e s u l t s  t o  equa t ion  (2)  us ing  t h e  r e p o r t e d  absorp t ion  coe f -  
f i c i e n t s  f o r  s i l i c o n  (Ref 9)  and Wo ob ta ined  f rom our  p u l s e  h e i g h t  ana ly-  

s i s .  T h i s  gave Lo = 200 em which i s  c o n s i s t e n t  w i t h  t h e  d i f f u s i o n  l e n g t h  
p r e d i c t e d  f o r  400 Q-cm n- type s i l i c o n  (Ref 10).  
DEGRADATION MODEL 
Gener a1 
I r r a d i a t i o n  o f  semiconductors w i t h  h i g h  energy p a r t i c l e s  d i s p l  aces 
atoms and damages t h e  l a t t i c e ,  the reby  i n t r o d u c i n g  new energy l e v e l s  i n t o  
t h e  band gap. These de fec ts  a c t  as recombinat ion cen te rs  which decrease t h e  
m i n o r i t y  c a r r i e r  l i f e t i m e  (Ref 11) .  Since PIN diodes have l a r g e  d e p l e t i o n  
wid ths,  i r r a d i a t i o n - i n d u c e d  changes i n  t h i s  r e g i o n  have a  s i g n i f i c a n t  e f f e c t  
on t h e  d iode photocurrent .  When s i l i c o n  su r face  b a r r i e r  d e t e c t o r s  are i r -  
r a d i a t e d  w i t h  protons,  damage produced i n  t h e  d e p l e t i o n  r e g i o n  increases t h e  
d e p l e t i o n  w i d t h  capaci tance. Si nce t h i s  capaci tance i s  p r o p o r t i o n a l  t o  t h e  
dopant d e n s i t y  (Ref 7 ) ,  t h e  observed inc rease  i n d i c a t e s  t h a t  t h e  c rea ted  
d e f e c t s  had a  n e t  p o s i t i v e  charge (donor behav io r ) .  
We suggest t h a t  t h e  c rea ted  d e f e c t s  can be represented as i m p u r i t y  
dopants whose energy l e v e l  i s  l o c a t e d  w i t h i n  t h e  f o r b i d d e n  band gap. Thus, 
t h e  e f f e c t i v e  displacement s i t e  d e n s i t y  w i l l  i nc rease  w i t h  r a d i a t i o n ;  we 
w r i t e  t h i s  as 
where N(()  i s  t h e  e f f e c t i v e  displacement s i t e  dens i t y ,  ND i s  t h e  impur- 
i t y  dopant dens i t y ,  and o i s  t h e  cross s e c t i o n  ( i n  cm-l)  f o r  d e f e c t  pro- 
duc t ion .  For t h e  P I N  d iodes i n v e s t i g a t e d  b y  us, t h e  donor i m p u r i t y  dopants 
i n  t h e  i n t r i n s i c  r e g i o n  are  ND = 1.2 x 1013 ~ m - ~  and i n  t h e  p  l a y e r  NA 
= 6 x 1015 . Si nce NA >> ND, t h e  one-sided abrupt j u n c t i o n  approxima- 

t i o n  can be used t o  determine t h e  d e p l e t i o n  wid th .  I n  t h i s  approximat ion 
t h e  d e p l e t i o n  w id th  i s  (Ref 7) 
I n  t h i s  equat ion,  B = im, s S  i s  t h e  s t a t i c  d i e l e c t r i c  constant ,  and 
S 
V i s  t h e  t o t a l  v o l t a g e  a p p l i e d  t o  t h e  j u n c t i o n .  Rearranging equat ion ( 7 )  
g i v e s  
where W: = B2/ND. E q u a t i o n  ( 8 )  can be used t o  deduce values o f  a from 
our  exper imenta l  data. We w i l l  now use t h i s  s imple  model t o  d iscuss t h e  
observed chanqes i n  d e p l e t i o n  width,  s p e c t r a l  response, and m i n o r i t y  d i f f u -  
s i o n  l e n g t h  (as i n f e r r e d  f rom t h e  dark c u r r e n t ) .  
Dep le t ion  Width 
F i g u r e  8 shows w - ~  p l o t t e d  as a f u n c t i o n  o f  f l u e n c e  f o r  40-MeV p ro tons  
a t  v a r i o u s  b i a s  vo l tages.  A  s i m i l a r  f i g u r e  was obta ined a t  85 MeV. For 
f luences below about 10 x 1 0 l 0  p/cm2, t h e  d a t a  show a  1  i n e a r  dependence i n  
agreement w i t h  our model. Using equa t ion  (8 )  i n  c o n j u n c t i o n  w i t h  t h e  5  V 
b i a s  1 i n e  o f  F i g u r e  8  we f i n d  ( u s i n g  ND = 1.2 x  1013 p/cm3) o = 150 cm-I 
f o r  40-MeV p ro tons  w h i l e  a t  85 MeV o = 95 cm-l. These va lues are g e n e r a l l y  
c o n s i s t e n t  w i t h  those r e p o r t e d  (Ref 12) b y  B i l i n s k i ,  e t  a l .  As shown i n  
F i g u r e  8, a i s  dependent on t h e  a p p l i e d  vo l tage .  Even though t h e  l i n e a r -  

i t y  of w - ~  with 16 i s  maintained at higher bias voltages, o decreases 
with increasing voltage for both 40- and 85-MeV protons. For example, for 
40-MeV protons the cross section decreases from 150 cm-I at  a bias of 5V to  
90 cm-I at 40 V. The cross section will be independent of applied voltage 
i f  the defects are produced uniformly throughout the depletion region. This 
suggests that the observed dependence on voltage i s  associated with a 
nonuniform creation of defects within the depletion region. 
Table I  l i s t s  the slopes of the straight l ine portions of Figure 8 for 
40-MeV protons together with the slopes of a similar graph for our 85-MeV 
data. From equation (8) we note that for a given bias voltage the ra t io  of 
the cross sections for two bombarding energies i s  just the rat io  of the cor- 
responding slopes. These ratios for 40- and 85-MeV protons are shown in 
Table I.  This ra t io  i s  nearly constant and has an average value of 
1.6 -+ 0.3. The rate at which defects are created i s  proportional t o  the 
absorbed enerqy which varies as the stopping power. Usinq stooping powers 
of 27.4 and 15.4 MeV/cm for 40- and 85-MeV protons, respectively, we obtain 
a ra t io  of 1.8. The fact that th i s  i s  nearly the same as the observed ra t io  
of the corresponding cross sections strengthens our postulate that the de- 
fec ts  produced by irradiation are responsible for the changes in depletion 
width. 
Spectral Response 
Changes in depletion width and minority carrier diffusion length 
produce degradation in the spectral response of the diode. In th i s  section 
we compare the observed degradation with that predicted by our model. For 
t h i s  purpose the experimental spectral response results at selected fluences 
are shown as data points in Figure 9. Some of these data points are plotted 

at selected wavelengths in Figure 10 in order to  show explicit ly the depen- 
dence of the degradation on wavelength. The curves in Figures 9 and 10 are 
predictions based on our model; these curves were obtained as follows. The 
degradation can be determined from equation (3) by using W calculated from 
equation ( 5 )  in conjunction with L determined from equation ( 2 )  using re- 
ported values (Ref 9) of the wave1 ength dependent absorption coefficient a .  
This gives the degradation D in terms of X and W .  We then use the 
resul ts  of equation (8) based on our model t o  express W in terms of the 
f  luence 4 ,  thereby obtaining D ( X  ,+ )  . When th is  i s  done, the curves drawn 
in  Figures 9 and 10 are  obtained using ND = 1.2 x 1013 ~ m - ~  (as  given in 
the specifications of the PIN-6D photodiode) and the following experi- 
mental ly determined parameters: 
No = 27 pm 
Lo = 200 pm 
a = 200 cm-1 
With the exception of the data at the low fluence of 0.05 x 101° p/cm2, 
there i s  excellent agreement up  t o  9 x l o l o  p/cm2 between the   re dictions of 
our model and the experimental results over the entire wavelength range. 
Note that the model correctly predicts the rapid degradation in response 
with wavelength as i l lustrated in Figure 10. The observed degradation in 
spectral response deviates from our model above 10 x l o L 0  p/cm2 which (as  
shown in Figure 8) i s  also the fluence level above which the degradation in 
W no longer follows the behavior predicted by our model. A t  these higher 
f  1 uences the one-sided abrupt junction approximation which i s  incorporated 
into our model i s  no longer valid. The density of irradiation-induced de- 
fects  has become comparable t o  the in i t i a l  dopant density with the result 
that the interactions between defects and impurities i s  no longer described 

by  t h i s  s imp le  model. At these  f luences,  t h e  energy l e v e l s  o f  t h e  
displacement s i t e s  dominate over t h e  dopant. 
Increase o f  Dark Current  
The dark  c u r r e n t  increased w i t h  f l u e n c e  f o r  a l l  t h e  diodes s t u d i e d  b y  
us. T h i s  can be understood by  c o n s i d e r i n g  a  m o d i f i e d  fo rm o f  t h e  photon 
i ndependent te rm o f  equa t ion  ( 2 ) .  
2 
where  t h e  r e l a t i o n  pno = ni I N D  i s  used, ni i s  t h e  i n t r i n s i c  c a r r i e r  
concen t ra t i on ,  V i s  t h e  a p p l i e d  vo l tage ,  k  i s  B o l t m a n ' s  constant ,  and 
T  i s  t h e  temperature.  The f a c t o r  i n  pa ren thes is  i s  i n c l u d e d  t o  g i v e  t h e  
dependence o f  dark  c u r r e n t  on v o l t a g e .  T h i s  i s  t h e  Shockley equa t ion  f o r  an 
i d e a l  d i o d e  (Ref 7 )  w i t h  t h e  approx imat ion t h a t  pno >> n  used f o r  these  PO 
d i o d e s  because  NA >> ND. We no te  t h a t  t h e  dark  c u r r e n t  i s  i n v e r s e l y  pro-  
p o r t i o n a l  t o  L which decreases w i t h  f l u e n c e  r e s u l t i n g  i n  an inc rease  i n  
dark current. This i s  i l lustrated in Figure 5 where the dark current i s  
shown as a  f u n c t i o n  o f  b i a s  v o l t a g e  a t  v a r i o u s  f l u e n c e s .  
We w i l l  d i scuss  t h e  changes i n  dark c u r r e n t  w i t h  f l u e n c e  i n  terms o f  
t h e  d a r k  c u r r e n t  r a t i o  I D ( ) / I D ( O ) .  Assuming t h a t  D and ND do n o t  
P  
change d u r i n g  i r r a d i a t i o n  ( i . e . ,  a 4  << N ), equa t ion  (9 )  leads t o  D 

As mentioned previously, the  induced defects  act as recombination centers  
which decrease the  minority c a r r i e r  l i fe t ime.  This i s  equivalent t o  a de- 
crease in the  minority c a r r i e r  diffusion length and can be expressed as (Ref 
13) 
where K i s  the  associated degradation parameter. Using equation ( l o ) ,  we 
get  
This predicted dependence i s  compared t o  our experimental r e s u l t s  in Figure 
11 which shows the  square of the  dark current r a t i o  versus fluence f o r  40- 
MeV p r o t o n s .  Using L = 200 urn, t h e  s l o p e  of t h e  l i n e  gives K = 3.5 x 
0 
~ m - ~  compared t o  a reported value of 6.5 x ~ m - ~  (Ref 12) .  Thus, 
f o r  fluences below 10 x 10l0 p/cm2, the increase in dark current can be 
a t t r ibu ted  t o  a decrease in minority c a r r i e r  diffusion length. 
For fluences grea ter  than 10 x 10l0 p/cm2, we must consider changes in  
ND.  In t h e  previous  s e c t i o n  we argued t h a t  the  defects  (04) produced by 
i r r ad ia t ion  become comparable t o  ND a t  the  higher fluences. From equation 
( 6 ) ,  we i n f e r  t h a t  ND i n  equat ion  ( 8 )  should be replaced by ND + o 4 .  
This would produce a s l i g h t  departure from l i n e a r i t y  of the  square of the  
dark current r a t i o  versus @ a t  these higher fluences. 

SUMMARY 
We have invest igated the  e f f e c t s  of 40- and 85-MeV protons on PIN 
photodiodes by measuring changes in  t h e  photoconductive diode cur rent ,  dark 
cur rent  and pulse height spec t ra .  We associated the  changes i n  these  th ree  
measured proper t ies  with changes in  the  d iode ' s  spec t ra l  response, minority 
c a r r i e r  d i f fus ion  lenqth, and depletion width. We developed a model which 
i s  in good agreement with our experimental r e s u l t s  f o r  f luences up t o  10 x 
10fO p/cm2. The model assumes t h a t  t h e  incident protons produce charged 
defec ts  within the  depletion region simulating donor type impuri t ies .  From 
t h e  model we can est imate t h e  useful 1 i fet ime of the  photodiode as  a  detec- 
t o r .  
I t  i s  a l so  possible  t o  use t h e  degradation i n  spec t ra l  response of 
.. 
t h e s e  d iodes  t o  measure t h e  absorbed energy. Rosch e t  a l .  (Ref 13) have 
shown t h a t  t he  neutron-induced change in  t h e  opt ica l  response of n+p junc- 
t i o n  s i l i c o n  diodes can be used t o  measure t h e  absorbed energy from 0.3 t o  
14.0 MeV neutrons. 
A t  h ighe r  f luences,  o $ >> ND, the  model breaks down. The dens i ty  of 
i r r a d i  at ion-i  nduced defects  becomes comparable t o  the  i n i t  i  a1 dopant dens- 
i t y ,  and t h e  in t e rac t ions  between defec ts  and impuri t ies  i s  much more corn- 
p l i ca t ed  than i n  our simple model. A more r igorous treatment would take  i n -  
t o  account t h e  locat ion of t he  irradiation-induced defec ts  within t h e  for -  
bidden band gap and a lso  t h e  thermal s t a b i l i t y  of these  defec ts .  
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TABLE I 
Slopes determined f rom F igure  8 f o r  40-MeV protons and f o r  85-MeV p ro tons  
f rom s imi  1 a r  graph. 
Bi  as 40 MeV 85 MeV Slope 
( V o l t s )  Slope ( x  - ) Slope ( x  - R a t i o  

A TUNGSTEN HALOGEN L A M P  
B GRATl NG MONOCHROMATOR 
C M O V A B L E  MIRROR 
D DOUBLE BEAM ATTACHMENT 
E R E F E R E N C E  A N D  T E S T  PHOTODIODES 
F i g u r e  1. Schemat ic  d iagram o f  t h e  expe r imen ta l  arrangement f o r  e x c i t i n g  






Figure 3. Measured quantun e f f i c i e n c y  f o r  a  t y p i c a l  PIN photodiode 


















REVERSE BIAS (V) 
Figure 5. Effect  of 40-MeV proton i r r ad ia t ion  o n  the current-voltage 
c h a r a c t e r i s t i c  of the photodiode dark current .  

40 MeV protons 
DEPLETION WIDTH (pm) 
Figure 6. Effect of 40-MeV proton i r rad ia t ion  on the pulse h e i g h t  





























Figure 9 .  Degradation in spectral  response for a typical PIN 
photodiode i r radia ted  with 40-MeV protons. Symbols 
indicate experimental data; curves a re  theore t ica l  
f i t s  based on model proposed in text .  

Figure 10. Degradation as a  funcfi.on of fluence a t  selected wavelengths. 
Symbols indicate experimental data; curves are  theoretical  
f i t s  based on model proposed in t ex t .  
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Figure 11. Effect of 40-MeV proton irradiation on PIN photodiode 
dark current. 

